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*eiietion shielding requirements heve imposed meny problems on the 
nuglesr field. Among these problems hes been the determinetion or pre- 
diction ef the effect of voids or air ducts on 3 gaman field, 4 number 
of related experiments have been comlucted at Gsk Adge Notional Labee 
ratery, Srockhaven Ustions] Laberatery, ond the Nuclear Aerospace Is= 
geerch Peoility, Theee have bewn directed toward verifying anelyticsl 
methods for predicting the effeete ef duets end voids. 

Thie investigation vas unierteken te mesegure the gamma field in 
water remalting from « Cobalt-S0 source, ‘The effect of a duct was ine 
veatigzted ty mesqurenents heth in end cut of the water medium, The 
messurmaents vers made using the shield tank ferility ef Towa Strte 
Talverstity's UT4elO resctor, iseeciated with the tenk feellity wes an 
instrument bridge for pesitioning detection eqeipaent inside the tenk, 

The investigetion previded the shoten energy spectrum st each 
apetisl peint in addition te reletive count retes end dese rates, The 
photen flux smd energy spectrum specified the amount of redietion at 
each point. Integrsted dose rates were determined in ar/hr. 
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& lerge amount of pset literature eoneerning the effect of ducts 
or volds was elessified when originally published, ‘hie ueteriel was 
greduelly declesa' fied or reissued oe unclassified inforastion, The 
Onk Wdge Netionel Leberstory CoreeHtole Psrtlity snd Bulk Shielding 
Feellity together with the Ureekheven Mationesl Laborntery LideTank 
Shielding Facility previded the bulk of early duct experiments, A dee 
seription of theee facilities i» given by Goldstein (3), 

Measurement of the effect of voids wes nade wy Prett end Fouts (7). 
their investization ineluded both syliniries1 md spheric] voids of 
verlous sises in e water medium, The detection etuipment wae placed 
outeide the weter medium with pile gaases serving as the seures, The 
reletive cosition of the iuet te the source van held constent. Count 
rates were obtained fer iifferant ijetector positions «ant shield thicke 
Kezgses by raising and levering both the water level seni detector, 

Mere recent investigations inclaie theee of Selling (2) ani Clerk, 
et slo, (1). Collins detereined the dese retes shove a weter shield 
heving # single duet. 4 hhhewm Cebslt\eS0 source vas placed st one end 
of a jain, duct, Clark measure? the gemma rediation streaming through 
a duet ponetseting the wall of « shielded reom, A 15,S—a source was 
suspenied in the center of the room, ‘ome rates due te radistion pene 


trating the Jvet were djerived from measurements ueie outside the room, 
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These investicetions were eoncerned with duct stremzing and 
scattered gone radistion outside the shielding medium, They were 
primarily underteken te prove or disprove verlous theeretienl techni ques 


for estimating shield requiresents, 
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The shiel? tenk feeility of the UTR1G provided the weter medium 
for the investigstion, ‘This tank wae 5 ft by & ft ty 11d ft high, an 
{neatrument bridge at the top ef the facility and oh in, diameter 
sluminum tube provided threee-timenstons1 positioning ef the detector, 

& plexiclese cene protected the detector from water, “Leetriecal lesda 
were conteined in e 70 ft pliable plastic tube, The inetrument bridge, 
plastic case, and tube are shown in Pigere 1. 

The duet was an sluminan tube 3 in, in dinmeter, 9 ft long, znd 
57 mile thick, Tt «se suspented by an inverted U shaped braeket 
attached te the duct with a g~in, diameter pin, 4 rod, passed through 
the opening between the top of the tube end the rounded curve of the U, 
supporte’ the jvutt. The pin through the top of the tube was perpen= 
dieular te the rod providing freeien of retetion shout twe axes, The 
tuo ‘egress of fresiom allowed the duct te hang vertically, 4 cup #8 
welded te the other end end filled eth lesd te grovide necative buayene 
ey te the tube end to geal the submerged end, The methed ef suspendiag 
the duet te pietured in Figure 1, 

£1, LSeme Sobalt-“0 source vas used, The source wae placed in the 
genter of a peper cup snd lowered inte posttion in the middle ef the 
duet, “ith the ¢uet placed tn the tank the gource waa poet tioned os 
shown tn Pigure 7, 

4 seintilletion detector, Nueleer Chiesso setel <5, wep used, 


The srystal wes a thelliumeactivate? sodium lodide cylinéer 1 in, tn 
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Figure 1, “etector, duct and instrument bridge 


diameter by 1 in, long, 4 single channel, Yuclesr Chieage rediotion 
analyser, sodel 1710, wae used for measuring the energy spectrum. 
Counting was secomplished with e Waclear Chiecsgze ultresceler model 
192A—F, The resclving time of the firet electronic decade of this 
sceler wee 1 micresse, The meximum count rete wer Limited by the 


mechenigal register to 170,060 ps, 
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Figure 2. Position of the seurce in the shield tenk 
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Prior to making the seesurements pertinent to the tarestigation, 
the water tenk wae surveyed for baekground, The beekground redistion 
sveraged shout 100 opm with energies less then 100 kev. The resetor 
had been idle for several houre prior to the time of messurement re- 
dwcing the begkgreund normelly associated vith frequent high pover 
operationa, 

Tt wee desireble to soprexi mete as closely a8 possible the eon 
ditions ef 2» seuree in @ cylindries] duct gurrounded by on infinite 
attenueting sedium, This of ceurse required axtal symmetry shout the 
source, The geometry of the lavestigation lended itself neturslly to 
eylindrics] evortinates with the centerline of the ‘uct os the exis. 

The syametry wee investigeted by making « number of counte et 
various petitions abeut the exis md at constent vertices] distances 
from the scures, ‘he source wos placed 29 ft frem three of the tenk 
walls and % ft from the fourth (north) well, ‘The source weg ot 2 
depth of hh im. 

The sount rates moor the close walle were 2e3 percent higher then 
those obtained for the same radive on the north radial, Thie in- 
erensed count rate could be attributed te the proxisity of the valls 
and ohenge in orientation between the detecter and rource, Yesitions 
below the plene of the seurce rerietered count rates at low energy 
that vere 10 pereent bigher then corresponding positions shove the 


plene of source, ‘This wee attributed te the hein, Neneter probe that 
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positioned the detecter, ‘“hen the detector ««— below the plmme of the 
source the probe previded wre seattering effect te the deteoter, The 
effect of the probe would not be eo great shove the source es below the 
SOUrCe. 

the effect of acattertne by water ond senttertag by the detector 
body was compared outelide the tenk, The plexiclass case was filled 
with water placed between « detector and » Cesium-137 scurce snd on 
energy epectrun weesured, A ietoctor body was pleced in the dry esse 
and the enectrum measured for verious configuretions of the jetector. 
The configuretion deterstned to be clesest to that of the water was the 
complete detentor leas the lesed ring shout the lucite light pipe. This 
detector wes placed in the weter end count rates mace with the detec ter 
fesing in erpomite directions, The count retes vith the detector 
pointing away from s raiistion source were shout 1 percent higher than 
thooe pointing toward the source, 

Yeperture from srumetricel conditions could be attributed to the 
detector, the positioning probe, the tank walle, snd the lead ballast 
et the bottom of the duet. Yegleeting these conditione «4 sssumiag 
om infinite sedium introduced a emall but aeceptable error, 4 second 
source of error seeented were the ageunamtion thet the plexiclese case 
about the detecter eryatel sttenunted the redistion the same os weter. 
The deneity and electron density of plexisless is very nearly the same 
ae voter, 

Prior te meking the scamurements pertinent to the investi cation 


the eryestal was removed from the detector, the sssenbly checked for 
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leakage of light to the photemiltiplier awl the preamplifier cheeked 
for high velteze noice, Yo contribution to the count rete was dew 
termined, The cryetel wea repleced, The detector, anslyzer ont secler 
were recslibrated with a Cesnis-L37 souree, 4 complete “esta photo- 
geak was s@tadlished and » resolution ef 151 was determined for the 
azin and window width selected for the spectrum, Ceslum was used for 
¢alibration because it represented the widpeint enersy, “4? kev, of the 
Cebelte40 spectrum, | 

The duet wae placed in the tenk and the source lewered inte 
gosition, The exset vertios] sand herisontsel pesition ef the source wee 
detersined by moking » vertices] end borigentel survey with the onelyser 
set at the onergy of the primery CobslteSO photen. The position of the 
source ver considered the origin of the eylinirics! ecordinetes, 
Shenver in the detector position were aade relative te the source, 

An enerey apcetrum wee meanured at oth selected position im the 
tank, §A windew width ef LOO kev wes used for the energy interval, 
Count retes were seswured ?er esch 10Gekey interval up to 1,400 Y4ev, 
founte vere ieken fer 1 ainute, 4 spectrum wos measured for 7 points 
vlong each of , redisl lines extending from the duct cemterline, The 
radials selected were 15, 30, SO end 75 om above the source os in igure 
2 The pointe messured on exch radial were 5, Ty 10, 15, 25, 35 end 55 
om from the duot centerline, ‘Three pointe were weesured elonz a redial 
in the plane of the sourne 76, 35 end 95 om from the duct centerline, 

Tn order to cheek the technique of this investigetion, the exe 


periment deserthed by Collins (2) wen tuplicsted as clerely ss possible, 
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The detector wee placed petnted dewmwerd 32 in, shove the wster surface, 
The source wos pleesd in the duct 12 in, below the water surface, 
tedisl measurenente were made 0, 6, 11, 16 en’ Tl em from the duct 
centerline, The mesrurement on the centerline required positioning the 
erystel pertly inte the mouth of the ‘uat, Tso mecsuremente nesr the 
daet bountery vere erprroximated ty meking ssecurenente shove the duct 
mouth end normalising to the mespurements st the centerline, 

A&A third variation of this experiment was eenducted without the 
duet, The source was mclosed in a eusll plastis waterproof capsule 
end lewered into the tonk, “easurencnta were meade sleng 5 horisentel 
line 36 em abeve the seurce, ‘The resulte of thie errancesent wore 


gompared with values theereticeslly joterained, 
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Seskground emi ecineidenece cerrections were applied to the count 
yates, Corrected count retes ere teruleted in Tables ? through 13 in 
the sppendix, In order te trensform the count rete into a jose rate 
4t wae neceesery to, firet, determine the rete that photons were 
striking tre erystal and, secondly, trensfern the photon rate inte 
a geome flux ecd then te a dose rate, 

The detector was samumed to be a isetrople detector, that is, 
the particles were messuret equally, irrespective of their direction 
of travel, Thies sesumption was en srerexinetion in this case because 
of two oemiitions, The first ecendition invelved the replecemant of 
the volume of water with the voluse of the detentor body adjacent to 
the eryetel, The second condition invelvet the detecter eryetal 
share, ‘The erystel did net present exactly ‘he seme cross sections] 
area nor the seme thickness in sll cirestione, Prelisinery count rates 
measured in the water tank «ith various orientetions between source 
sid detector supported the validity ef sseusing en isotropic detector, 
fin idesl isetrople deteator presente en eree thst hes a normal always 
pointed tn the direction ef sotian ef the photens being counted. This 
ie 2 property ef a ephere, An equivelent sphere for this cylindrical 
erystel was assumed to heve e cross seetions] eres of 1.0 square in. 

Cenveretien of sount rate te nugver ef phetons etriking the 
eryetel per unit time required the use of two retiog ealeulnted ant 


tabulated by “Hdler end Snow (5), The interaction retio te the ratio 
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of the number of cemmes thot interset st least once te the number thst 
enter the eryetel, The photefraction is the frention of tnterseting 
goemne thet is completely sbeorbed, The frsetien ef the camer hering 
a pertiouler energy ond are counted st that energy is the proljuet of 
the photefraction snd the interection ratio, These ratios were calcu 
leted by a Monte Carle method thet elauleted setual processes undere 
gone by ineldent caean rays end 911 subsequent radistien, The retioa 
very with energy, position of source ond sise of eryatel, The ratios 
were plotted versus emercy for e 1 in. by 1 in, hich eryetel with the 
source on the fece of the crystal, ‘fpproprt ste values of the tuo 
raties for the experimental enersy intervals vere estimeted frem this 
CULV Re 

The product of the two retioe 414 not lead immedi ately to a 
eenverrion frem count rete to photen rete over sll ef tae enargy 
spectrum, The highest peimery energy of CobalteS0 was first cone 
gidered, The eceunt rete at the differential eneryy ‘natervs] that 
included the hischest enersy GCebslteS0 caame represented these phetons 
thet vere cempletely sheerved within the erystel, The nusber of 
photons per min having thie amount of energy that struck the eryetel 
wae Jetermined by the product of the count rate, the reeiprecsal of the 
photofraction snd the reeiprocs] of the interaction ratio, The totel 
number of photone per win that actully interacted with the erystel 
was the product of the count reste and the reetprecal of the photee 
frection, The ti fferenee between the sumber of photons interacting 


om the erystol end the number counted represented the photona thet 
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lost only s portion ef their energy while interesting with the eryrtel. 
These phetona were vieuslige? as entering the crystal, sxperienciag 
one or more seatioaring events and esespine frem the crystel prier te 
complete shserpticn, Thene photons were setuslly counted et lover 
enervics and consequently contributed to tnereesing the count rete et 
the lever energies, This phenomenon of centributing to lover mmergy 
eount rates by higher snerty chotons wee gignifleant end required 
eompensation, The eentribution te sessurei count rates from photens 
of a perticuler energy interve] wee asause? to be equally diatributed 
anong the lewer enercy intervele, This sesumction neglected the fore 
ward senttering effect characteristic of high enerry photens end ony 
influence of cryetel size end shape on thie phenomenon, The follow ng 
develope s relation for the eifastemn? spplied to the count rete of 
any energy interrsl: 

4 © energy interval subseript (4 © 1, %) eo. Ui) 

yr s interseticn ratio 

f © ghotefrection 

Y 8 gorrected count rete, cpm 

K* = adjusted count rate, ope 

2 # photon rate, shotens per win 

A * gdjuetwent to the count rete, cpm 


j * enerzy subscript (4 © 1, 2, oes i-1) 
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The development of the shove reletione vee based on the equality 
of the corrected count rete sni the siimeted rate for the highest 
enercy intervel (1 «© 1), The above equetions were spplied in turn to 
¢ech energy interval ceamencing with the highest interval to ‘eterine 
the photon rate incident om the crystal, These ooleuletions were made 
for the energy spectrum st eseh point unter investicetion, The pheton 
rate ineident on the ergetel wes tebuleted in Tables 2 throazh 43, 

The dose rete et # position wes determined from equation 5<39 in 
Goldstein (2): 

UP) © & S Bql8)T 9 (Bz) de 
x *® constant ‘idea on the unite jeeired 
(2) = true (enersy) absorption seeffietent for sir 
To(F,") © My(F,%) © encrey flux por unit energy 
Bg (FF) a * queber flux of photene with energics between 
ve and “ + &®, photons per om eee 


The following epproximetion wea made: 


44 


“P) ak > Wp (By )%4¥o(Fe%) AE 
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The energy interval AE weg 100 kev, ‘The feth energy as teken oe the 
midpoint energy of each intervel, thet is, the base setting of the 
enalyser plus one=half the window width, ‘the number flux vee dee 
termined from photon rete emi the eagumed 1,0 square in, cross section, 
The dose rate ia mrfhr for each Leth eneryy interval i9 tabulated in 
Tables ? through h3, The integrated dose rate at esch experi acntal 
point is tebuleted in Teblee 1, ki od 45. 

The statietieal errer vss treated ee demeribed in Friee (8). 
Feriedic teste were made ic cheek the rendomess of the nessuremente. 
Tae etenierd deviation wae determined for the cerretted count rate, 
the photen rate and dese rate. The maximan standard deviation for the 
intesrated dese rete wes 2,3 per cent et the furthest point frow the 
sources, ‘the sinimum standard errer wes 0.1: per cent at the closest 


point to the source. 
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The {or# rate vereue reiiol (istence froa the duct centerline is 
fletted in Figure J for each radial, The pesition of the sesrarement 
woe tinken as the center of the orystal volume, Ginse the volume was 
finite the closest messurenest to the duct ceeurre? vith the eryste1 
fage flush against the tube, The redial in the plane of the souree 
wee not investicsated any closer te the juct then °O em because of the 
high count retes thet were obteined, The tneressing ascnitude ef the 
slepe at thia raiial sug¢eated the sormel inerescee of ioge rate as the 
radiua from the acurce decreased, The influence of the 4ueat was 
apparent in the successively higher roiiela, ‘The duet influenced the 
dose vate close te the duct proportionstely sore ond more as the 
vertionl distence ineressed, This wse due to the photons streaming 
throuch the ivet. “More photons of bicher energy were sble to trevel 
up the duet and be sesttered te the posttions aleng the raitala than 
would heave been the ecsge had they trevele? entirely through the water 
mead Ur, 

Figure h is aiwtler te Picure 3 axcert thet the radiel distence 
from the duct centerline is heli constent vhile the dose rete is 
plotted vergus vertier1 distenca, The centerline of the duct, thet 
ie the rediue equel to sere, waa not messured, ‘11 the surves of 
Figure k should rise te « finite aaxtwum st the plone of the souree 
ond fell off ee werties] distance fells below the source, This maxie« 


mum wee demonetested by the curves representing radial <i stances of 
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Pigure 32, “ose rate a9 5 function of rediel distence from tact 
centerline 
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Figure i, “one pate ee a function of verties] distance from the source 
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25, 35 and SS em Points cleeer then 20 om elony the radiel in the 
plene of the sourzve vere not measured because of hich sount. rates, 

eure 3 compared the redistion field vith the duet and without 
the duct et » vortioal dietente of ) om, The Ueturbanse in the field 
for thie radilel begen st sbout 10 om racial dietenece. This was equival- 
ent te an angle of 19 Jegrees from the duct centerline with the source 
ag the origin, Similer plene angles ef 15, % end kS decrees vere ine 
vestigated by cross plotting from “igure 3, Figere 5 shows the verie 
ation of dese rate with cietenee from the source for each of the three 
Plane engles, it addition, the jose rate vee plotted for a point source 
im en infimite medium using bel ld up feetore ag contained in Murrey (6). 
The % end 45 degree powitiens fell slong the sexe curve, Thte indi} 
eated the effeet of the void did not extend bevend the 3 degree angle, 
The 15 decree positions inticeted thet the void does effect the gunme 
field to st least this male frem the duct centerline, As expected, the 
curve representing 15 Jegreee end the curve representing 30 and 45 
degreas been serging st distenece close te the gourne, The curve, 
eeloulsted from beild up faeters, wae inelude? to eampare theoreties] 
dese rates vith eeasured dose retes #t cietences uneffected by the 
duet. Although (differing semewhat in wegnitade the esleuleted an’ the 
neapured curve egree in abhepe sat relstien «sith clatente, 

Mgure 6 comperem values measured by experiment with veluce eslcue 
leted fron build op fecters, ‘The expcrimente] dese rate referred to 


that seegured wi thowt the ¢uct and sleag a horisental line origi neting 
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3G em sheve the source, This line dupliceted the %) em radiel in the 
duct nezgurement, The esleulsted dese rate referred to that eslouleted 
from buildup feoters eaguming sn isotropia point Cebslt-40 source in an 
infinite weter medium, The difference between esleulate? dete end 
meanured data varies from 6,5 percent ireetly sheve the source to 275.7 
pement at the furthest preint meseured, This ig « reerensble veri stion 
between meseured ani csleuleted dosp rates, Leevinger, Japhea end 
Brewne]). (),) estimeted the sceuracy of dose buildup feetere te renge 
from 5 to X% percent, These bulldap feoters vere enlovleted by 
Goldatein and tebuleted im (3), (h) and (6), 

The final portion of the Imrestigetion invelved the stteapt to 
duplieste the results of Collins (2). The primary difference between 
the geometry of Collins' experiment eni thet of this experisent wes the 
extension of the ¢uct out of the water, The eenstruction of the tube 
weed for this ‘uet required thet 1% extend out of the veter = sinimux 
of 2 Yiin, The duct used by Collins was epproxtmetely flush with the 
surfeee of the water, In aiditian, the soures used by Collins wes hhhe 
me and wae positioned at the center line of the jiuet on one side ef e 
water shield with the detector port tioned on the other side, The 
gourme of this investigation wee surrounded by weter, except fer the 
duet, sbeve ond below the source, The type ef detector use? by Celling 
wee unknown, Yeealte from Celline (7) were seresliaed to the strength 
ef the soures ved in thie experiemt. The comperison, iniiested by 
Wigure 7, wee in close agreement near the duct, At 3 om from the duct 
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centerline screement wos within 10 pertent, The higher dose rete for 
this experiment st % em probably resulted from the sesttering sedium 
below the source, This effect wag not 28 notiaeshle near the duct 
since the dose rete wee more depenieat on oneoliided photens or phetons 
nese the uneellided energy. igure 7 also somperes the experimental 
dese rete teken out of the water with the dose rate from the correspond 
ing 30 em rediel seepured in the water medium, The close agreement ine 
diceted thet the sessurement taken outside the shielding saedium could 
be used in lieu of the measurement usce withia the medium. 

The agreement with theory in one cese ond an independent expert~ 
went in « second esse tustifics: confidenee in the mergured dome retes, 
These rates are sulteble for compsrtegon with anslyties] teabniques dee 


veloped te prediet the effect of a duct, 
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AREAS POR FURTHER SES CARH 


4 mumber of earces for future investicstion became apparent as 
thig experiment pregress¢!, To Figure 3 the effect of the duct becane 
mere prosounced es distance slong the sect inereeeed, This effect 
ghould be investicate? using ductea ef other diametera, ‘teevits from 
such an investigetion would denonstrate any effect tue to the duct sige, 

Figure 7 indicated, for one rediel, that dose retes ensured cute 
gide the shieldaiag sediun vere in close egresment with these nmeesured 
in the meciwea, Before thie sgreevent could be generally eecerted for 
ell redisia, en investigation should be made with various thicknesecs 
of the sediem, The use of different sttenuating medians would further 
broaden the inveetication, YertMostion of sgreement between sceauree 
ments toside end cuteide the nedium would reduce the need for making 
wensurenonta within » medium during investigation ef dusts, A farther 
ares of study would be the effect of source merey on the goume field 
about a dust, This seme investicstion could be comlucted using other 
sources, Iemma radiotion from the reactor therms] eolum could be ine 
yesticested with verioue types of ducts ineloding duete vith bende, 


elbows and obstructions, end miltiple ducts. 
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From thie experisent the fellowlag conclusions asy be stated: 

1, ‘the preeence of s duct in «a shielding medium imeressed the 
dose rate in the vicinity of the duet, 

2, Jose yates for the gamme field influenced by 2 duct ape 
proached the values for no duct as the distmee from the dant ineressed, 
Sore retes reached the limiting (no deet) dose rete within 3% degrees of 
the dust centerline, 

3e ‘The influence of the tact was wore proncunee? as the Jistancde 
along the Juct inereseed, 

he This tenk facility wes a suiteble infinite water nedius, The 
experimental geometry was satisfactorily symmetries). 

S This detecter and sounting eauipaent eetiefeeterily deters ned 
Aifferentiel dose rates ss low ea 6,005 arfar end integreted doxe rates 
na low se 0,1 ar/fnhr, 

& The appliestton of the photefrection end interaction ratio 
wes guecesaful in converting count rete te dose rate, 

7. Messurements mede outsicie the shielding medium msy apprext- 
mate those sade inside the medium for the seme shield thickness, and 
should be investicated more thoroughly for eon?irmetion, 

R, The tntecrste! dose rates were seaffielently seeurnte te proe 


wide experiments] comnarison for theoretically determined rates, 
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APPOR IR 


Tghle 1, ‘Tategrstet dose rate 


VYertiesl distence Yadieal digtence “eae rate ten ard 
from source from «vet 4eri stion 
(om) (em) (mr/nr) (ar/ar) 
@ Ks) 183, 7% 6,031 
6 35 172 6,013 
© ie 6.777 6,005 
1S 5 30,612 0.082 
7 76 lib 0,0h1 
15 10 20,659 0.0% 
15 15 14,221 0,027 
15 25 6.93% 6,017 
35 2,370 0,010 
is 55 0,639 0,005 
% 5 8,785 0.072 
x 7 7277 6.019 
% 10 5.90? 0. 
» 15 4.516 0.013 
x es 2.553 0,009 
% 35 1.533 007 
%» 55 0, 39? 0,003 
SO § 2.430 6,009 
50 7 1.918 0,008 
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